Experimental data from literature on the thermal quenching of the Eu 2+ 5d-4f emission in the M x Si y N z (M = alkali, alkaline earth or rare earth) nitridosilicates have been collected and evaluated. No clear correlation was observed between the activation energy for thermal quenching and the Stokes shift, suggesting that non-radiative relaxation via a thermally excited cross-over from the 5d excited state to the 4f ground state is not the main reason for thermal quenching in the nitridosilicates. Based on literature data on rare-earth charge transfer transitions, host-lattice bandgap and Eu 2+ 5d-4f emission energy, the energy difference between the Eu 2+ 5d level and the bottom of the host-lattice conduction band has been determined. This energy difference correlates fairly well with the quenching temperature, suggesting that thermal ionization of the 5d electron to the conduction band is responsible for the thermal quenching of the Eu 2+ 5d-4f emission in the nitridosilicates. The energy difference between the lowest 5d level and the bottom of the conduction band, and consequently the quenching temperature, increases with increasing Si/N ratio of the nitridosilicates. From this, it is concluded that the combined effect of the larger Stokes shift and the raise in energy of the bottom of the host lattice conduction band with increasing Si/N ratio is stronger than the decrease of the centroid shift and crystal field splitting of the Eu 2+ 5d level.
Introduction
Phosphor-converted white light-emitting diodes (pc-wLEDs) have attracted significant attention in recent years as they are considered an environmental friendly, cost-effective and energy efficient way to generate white light. [1] [2] [3] [4] The first efficient pc-wLEDs, based on a blue LED chip and the yellow YAG:Ce 3+ phosphor, still had a relatively poor colour rendering, as the white light from the LED missed a red component. Alternative approaches have therefore been the main interest of research and development, where a blue or UV LED chip is combined with a combination of (blue) red and green phosphors, leading to white light with a much better colour rendering. An important class of phosphors for these high colour rendering pc-wLEDs, are the Eu 2+ doped nitridosilicates. 5 These phosphors have the general composition M x Si y N z :Eu 2+ , where M can be an alkali, alkaline earth or rare-earth metal. Some of these nitridosilicate phosphors can very efficiently convert the UV or blue excitation light into longer wavelengths. Moreover, many of them are chemically stable in air (in particular those with low M/Si ratios) and the wide range of nitridosilicate structures, arising from the variety in Si/N ratios, allows for a large range of emission colours. Examples are blue-emitting SrSi 6 14 A very important property for LED phosphors, affecting the performance of in particular high-power LEDs, is the temperature dependency of the emission intensity. It is well known that with increasing temperature, the luminescence efficiency of the phosphors generally tends to decrease. This is especially a drawback for pc-wLEDs containing multiple phosphors, as it will not only decrease the light output, but will also change the overall colour emitted by the LED. Various strategies have therefore been developed to obtain thermally stable LED phosphors, 15 17 (1) by a degradation of the phosphor at higher temperature often caused by a reaction with water or oxygen, or (2) by thermal quenching of the luminescence. The first one is a permanent decrease of the luminescence, even if the phosphor is cooled down again, and depends on the (thermo-)chemical stability of the phosphor; the second one, the thermal quenching, is not permanent as the initial intensity restores when cooling down the phosphor. In this manuscript we will focus on this thermal quenching, with specific attention to the influence of composition and structure.
Various mechanisms have been proposed in literature that can be the origin of the thermal quenching of the Eu 2+ 5d-4f
emission. The two main ones are: (1) direct radiationless relaxation from the 5d excited state to the 4f ground state via a thermally activated cross-over, 18, 19 and (2) thermal ionization by excitation of an Eu 2+ electron from the 5d level to the conduction band. 20 In literature, both these models have been used to explain the differences in thermal quenching behaviour of the Eu 2+ 5d-4f emission for the nitridosilicates. Thermal quenching via a thermally activated cross-over was considered by for example Fukuda, 21 Recently, we have shown that the degree of condensation, expressed by the Si/N ratio, acts as a principle parameter that determines the coordination number of N with Si (NSi x ), the Si-N and M-N bond lengths and bandgap of the M x Si y N z nitridosilicates, 25 as well as the energy of the Eu 2+ 4f-5d absorption and 5d-4f emission in the Eu 2+ doped nitridosilicates. 26 The dependence on the Si/N ratio was explained by considering that with increasing Si/N ratio the coordination number of N with Si increases, which results in more N electrons that participate in the bonding with Si and consequently less N electrons that are available for M-N bonding. This makes the M-N bonds longer and less covalent, while the Si-N bonds become shorter, consequently resulting in a wider bandgap of the nitridosilicates. 25 The less covalent and longer Eu-N bonds for higher Si/N ratio also result in an increase of the Eu 2+ 4f-5d absorption and 5d-4f emission energy due to a weaker nephelauxetic effect and a smaller crystal field splitting. The Stokes shift becomes larger with increasing Si/N ratio as the local rigidity of the site on which Eu 2+ is located, decreases due to the longer Eu-N bonds. 26 In this work we will extend this model by studying the effect of the Si/N ratio on the thermal quenching of the Eu 2+ 5d-4f emission of the Eu 2+ doped nitridosilicates. First, in Section 2, the two main mechanisms are discussed that have been proposed in literature as responsible for the thermal quenching of the Eu 2+ 5d-4f emission. In Section 3, we summarize and evaluate data from literature on the thermal quenching of the Eu 2+ 5d-4f emission in the nitridosilicates and determine the activation energy for thermal quenching as well as the quenching temperature. In Section 4 we evaluate and discuss the correlation between the quenching temperature and the degree of condensation (Si/N ratio) for the nitridosilicates, and show that this correlation can best be explained with the thermal ionization model.
Mechanisms of the thermal quenching of the Eu 2+ 5d-4f emission
In literature, different mechanisms have been proposed that may be responsible for the decrease of Eu 2+ 5d-4f emission intensity with increasing temperature. The main ones are: (1) thermally activated non-radiative relaxation from the Eu 2+ 5d
excited state to the 4f ground state via the crossing point of the 5d and 4f parabola, and (2) thermal ionization of the Eu 2+ 5d
electron to the host lattice conduction band. These mechanisms will be briefly discussed in Sections 2.1 and 2.2, respectively. In Section 2.3 other factors will be discussed that may influence the temperature dependency of the emission intensity.
Thermal quenching by direct radiationless relaxation to the ground state
One of the first mechanisms proposed in literature that can be the cause of the thermal quenching of the Eu 2+ 5d-4f emission, is the direct relaxation from the 5d excited state to the 4f ground state via a thermally activated cross-over. 18, 19, 27 This mechanism can be described using a quantum mechanical single configurational coordinate (QMSCC) model, illustrated with the configurational coordinate diagram in Fig. 1a . After excitation of an Eu 2+ electron from the 4f ground state to the 5d excited states, relaxation to the lowest 5d level will occur. From here 5d-4f emission can take place. According to the FranckCondon principle these electronic transitions are vertical because the electronic transitions are much faster than any change in positions of the atomic nuclei. As an alternative to 5d-4f emission, the crossing point between the 4f and the 5d parabola may be reached if the thermal energy is higher than the energy difference between the minimum of the 5d parabola and the crossing point with the 4f ground state parabola, resulting in a non-radiative return from the 5d excited state to the 4f ground state and thus thermal quenching of the 5d-4f emission. In this model, the 4f and 5d parabolas can be described with eqn (1) and (2) respectively:
Here are E 4f , k 4f , E 5d and k 5d the energy and force constant of the 4f and 5d parabolas respectively. r is the configurational coordinate (which can be represented by the Eu to coordinating anion distance), r 0 is the Frank-Condon offset between the two parabolas and E 0 is the energy difference between the minima of the 4f and the 5d parabolas. The activation energy (E act ) for the thermal quenching is equal to the energy difference between the minimum of the 5d parabola and the crossing point between the two parabolas. If the two parabolas have the same curvature with force constant k, it follows from eqn (1) and (2) that the activation energy is given by:
Here is E df the 5d-4f emission energy and DS the Stokes shift. If the Stokes shift becomes larger, i.e. when the offset between the 4f and 5d parabolas increases, the crossing point decreases in energy. So in this case, the activation energy for thermal quenching should decrease with increasing Stokes shift. Since the offset between the 4f and 5d parabola is related to the local 26 rigidity, the temperature dependency of the luminescence will in this model also depend on the rigidity.
Thermal quenching by thermal ionization to the host lattice conduction band
Another mechanism considered in literature to be responsible for the quenching of the Eu 2+ 5d-4f emission, is the thermal ionization of the Eu 2+ 5d electron to the host lattice conduction band, 20,29 illustrated in Fig. 1b . If the lowest 5d state is relatively close to the bottom of the conduction band, there is only a small energy barrier to overcome in order to bring the electron from the 5d state into the conduction band. Once this ionization has occurred, the return to the ground state of Eu 2+ occurs non-radiatively, hence the Eu 2+ 5d-4f emission is quenched. In the case of thermal ionization, the activation energy for thermal quenching will depend on the energy difference between the lowest relaxed (since the relaxation is much faster than the thermal ionization) Eu 2+ 5d state and the bottom of the host-lattice conduction band. If the energy difference is large, the energy barrier for thermal quenching will also be large, and vice versa. If the lowest relaxed 5d state is located inside the conduction band, auto-ionization may occur even at low temperature, and the emission will be completely quenched. 30 The energy difference between the lowest non-relaxed 5d state and the bottom of the host lattice conduction band is, by definition, equal to the bandgap minus the Eu 2+ 4f-5d absorption energy and minus the energy between the top of the host lattice valence band and the Eu 2+ 4f ground state, 20 as illustrated in . 31 In order to obtain the energy difference DE 5d-CB between the lowest relaxed 5d state and the bottom of the conduction band, the energy for relaxation needs to be taken into account, which can be approximated by the Stokes shift DS (DS = E fd À E df ). 20 From the above we obtain the following approximate relationship (see also Fig. 1b) :
Here is E df the energy of the 5d-4f emission of Eu 2+ and E CT the Eu 3+ CT energy. E VC is the energy difference between the top of the valence band and the bottom of the conduction band (i.e. the bandgap of the host lattice), which includes the exciton binding energy. 25 The energy of the lowest relaxed 5d state is determined by the centroid shift (CS) and crystal field splitting (CFS) of the 5d levels, together with the Stokes shift. CS and CFS both decrease with increasing Eu-X distance (X = anion). 32, 33 Since most compounds tend to expand with increasing temperature, resulting in larger Eu-X distances, CS and CFS both become smaller with increasing temperature, meaning that the Eu 2+ 4f-5d
energy increases with temperature. According to the Varshni equation, 34 the temperature dependency of the bandgap is given by:
Here a and b are material constants. The Varshni equation thus shows a decrease of the bandgap with increasing temperature. So, assuming that the position of the 4f level is constant with temperature, both the increase of the 4f-5d energy and the decrease of the bandgap (i.e. lowering of the conduction band) with increasing temperature, will reduce the energy difference between the lowest 5d state and the bottom of the conduction (DE 5d-CB ). On the other hand, the Stokes shift might increase with increasing temperature, which will increase DE 5d-CB . 
Other causes of thermal quenching
Besides the intrinsic thermal quenching caused by either thermal ionization from the 5d to the conduction band or by direct relaxation to the ground state via the crossing point of the 4f and 5d parabola, other mechanisms can also cause a decrease of emission intensity with increasing temperature. One of these is temperature dependent energy transfer. Since the probability of energy transfer is likely to increase with increasing temperature, the transfer towards defects on which the Eu 2+ 5d-4f emission is quenched, will also increase. . 35 So in order to identify the intrinsic thermal quenching behaviour, the measurements have to be performed with a low activator concentration. However, concentration dependence may even occur at lower concentrations around 1%. Thermally activated concentration quenching has for example been shown to be responsible for the decrease of luminescence intensity in YAG:1%Ce 3+ between room temperature and 600 K, even though the intrinsic quenching temperature in YAG:Ce 3+ is well above 600 K. 36 Another effect, which can decrease the observed emission intensity (external quantum efficiency) without decreasing the internal quantum efficiency of the phosphor, is a temperature dependency of the absorption strength. This may be due to for example a temperature dependency of the oscillator strength, or as a result of a shift of the absorption band maximum as a consequence of a temperature dependency of the centroid shift or the crystal field splitting of the 5d levels due to expansion of the host lattice at higher temperatures. Note that the absorption strength may also increase with increasing temperature, resulting in an increase of the emission intensity.
Eu
2+ absorption and emission in the nitridosilicates , even though one may argue that some of these are not really nitridosilicates, but magneso-or litho-nitridosilicates, as Mg and Li may form MgN 4 and LiN 4 tetrahedra similar to the SiN 4 tetrahedra and can thus be considered part of the framework.
If the thermal quenching of the Eu 2+ 5d-4f emission occurs via one dominating thermally activated process, the temperature dependent internal quantum efficiency can be described by the equation: Here is T the absolute temperature, k B the Boltzmann constant, E act the activation energy for thermal quenching and I and I 0 the internal quantum efficiency at temperature T and at low temperature when there is no thermal quenching, respectively. Note that I and I 0 are normally represented by the integrated emission intensity, but this is only true in case the absorption strength is not temperature dependent. C is supposed to be a constant that is equal to the ratio between the attempt rate for thermal quenching (G 0 ) and the radiative decay rate of the 5d state of Eu 2+ (G n ). 20 Eqn (6) can be rewritten as a linear equation:
Hence, by fitting the thermal quenching data on an ln(I 0 /I À 1) versus (1/k B T) plot, E act and C can be determined based on the slope and intercept with the y-axis, respectively. In order to plot ln(I 0 /I À 1) versus (1/k B T), the value of I 0 should be known, but for many compounds listed in Table 1 , the temperature dependency of the emission intensity has not been measured down to sufficiently low temperature, e.g. 4 K. In case the emission intensity is constant or changing only weakly around the lowest recorded temperature, it can be assumed that the emission intensity does not change significantly down to 4 K, and I 0 can be estimated with considerable certainty. However, if the intensity is strongly changing with temperature around the lowest recorded temperature, obtaining I 0 by means of extrapolating the thermal quenching data at the low temperature side, will result in a large uncertainty. The compounds for which this is the case have been indicated with an asterisk (*) in column 1 of Table 1 . Note that I 0 can also be obtained by directly fitting the thermal quenching data using eqn (6) with I 0 , C and E act as variables, but also in that case the variables will have a large uncertainty if thermal quenching is partly outside the recorded temperature range.
When considering an ln(I 0 /I À 1) versus (1/k B T) plot of the temperature dependent emission intensity data of the Eu 2+ doped nitridosilicates, four different categories can be distinguished based on the shape of the curve, as illustrated in Fig. 2 .
Category 1: the data (Fig. 2a) are on a straight line, of which the slope is equal to ÀE act and the intersect with the y-axis is equal to ln(C), suggesting that the thermal quenching can be well described by eqn (6).
Category 2: the data (Fig. 2b) are on a downward slope with an increasing gradient, i.e. the slope is less steep at higher temperature (small 1/k B T) than at lower temperature (large 1/k B T).
Category 3: the data (Fig. 2c) are on a downward slope with a decreasing gradient, i.e. the slope is steeper at higher temperature (small 1/k B T) than at lower temperature (large 1/k B T).
Category 4: the emission intensity initially increases with increasing temperature, giving I 0 o I, which cannot be displayed on an ln(I 0 /I À 1) vs. (1/k B T) plot (Fig. 2d) .
As listed in the ESI † (Section S1.4).
Activation energy and quenching temperature
In the ESI † (Section S1) the thermal quenching of all the nitridosilicates is analysed in more detail, with regard to the four different thermal quenching categories discussed above, and the activation energy has been determined. The main conclusions from this analysis are summarized in this section. For the nitridosilicates belonging to category 2 or 3, for which there is a deviation from a straight line on an ln(I 0 /I À 1) vs.
(1/k B T) plot (Fig. 2b and c) , various causes have been considered that may explain the deviation from the linear behaviour. These possible causes are: (1) a temperature dependency of the activation energy, (2) a temperature dependency of the absorption strength, (3) the presence of Eu 2+ in different crystallographic environments with different thermal quenching behaviour, (4) temperature dependent energy transfer, and (5) the presence of secondary (anomalous) emission. In order to determine whether these possible causes can reasonably explain the observed deviations from the linear behaviour, we have made adaptations to eqn (6) and checked whether the thermal quenching data can be well described with these adapted equations (see ESI †). As for the nitridosilicates of thermal quenching category 1, i.e. the emission intensity data approximately follow a linear trend on an ln(I 0 /I À 1) vs. (1/k B T) plot (Fig. 2a) , it is noted that the value of C obtained from either fitting with eqn (6) or (7), shows large differences among the various nitridosilicates. For Li 2 C is equal to the ratio of the attempt rate for thermal quenching and the radiative decay rate of the 5d-4f emission of Eu 2+ . The first one is typically in the order of 10 13 s À1 , 20 while the latter one is in the order of 10 6 s À1 , 20 giving a value of C of about 10 7 .
Although these rates will vary among the different hosts, it seems not realistic that C can be more than a factor 1000 smaller, i.e. smaller than 10 4 . It was found that a temperature dependency of the absorption strength or temperature dependency of the activation energy cannot explain the unrealistically low value of C. Thermally activated concentration quenching can however not be excluded as the cause for the low value of C and is suggested to even be the main reason for the thermal quenching observed in BaSi 7 on different crystallographic sites, in combination with a temperature dependent energy transfer between these sites, can be assigned as the cause of the low observed value of C. The activation energies for the intrinsic quenching of the Eu 2+ 5d-4f emission in the nitridosilicates, as obtained from the analysis in the ESI, † are listed in Table 2 . The activation energy for thermal quenching is generally below 0.5 eV. However, if the activation energy for thermal quenching is calculated with eqn (3), which is based on the model that thermal quenching occurs by direct relaxation from the 5d excited state to the 4f ground state via a thermally activated cross-over, a significantly higher activation energy is obtained (typically around 6 eV), see ESI, † Fig. S1b . In addition, there is no clear correlation between the activation energy and the Stokes shift. This indicates that the thermally activated cross-over model cannot be the main cause of thermal quenching in the nitridosilicates. The quenching temperature (T 50% ) of the Eu 2+ 5d-4f emission, i.e. the temperature at which half of the emission is quenched, has been determined for the nitridosilicates from literature data (see ESI †) and is shown in Table 2 . Following eqn (6), T 50% can also be calculated from E act and C:
Therefore, if there is not much variation in C among the nitridosilicates, one would expect a linear relation between the quenching temperature and the activation energy. From  Fig. 3 , displaying the quenching temperature versus the activation energy, a certain increase of the quenching temperature with increasing activation energy can also be observed, but the amount of data is limited and the uncertainty of the activation energy is relatively large. By fitting the literature data through the origin, C can be determined from the slope, giving C = 4.6 Â 10 5 , which is a reasonable value.
4. Cause of the thermal quenching and its dependence on the nitridosilicate composition
Composition dependence of the thermal quenching
In Fig. 4 Si/N ratio of 0.25. In the next sections we will discuss what the mechanism is of the thermal quenching in the nitridosilicates and why there seems to be a correlation between the Si/N ratio and quenching temperature. 81 Using these CT transitions, DE 5d-CB can then be calculated based on eqn (4). The results are presented in Table 3 .
Thermal quenching by thermal ionization to the conduction band
Of the five compounds listed in of which we also know the quenching temperature of the Eu 2+ 5d-4f emission. For these three compounds the calculated DE 5d-CB has been plotted versus the quenching temperature (Fig. 5) . As can be clearly seen, a linear relationship is observed between DE 5d-CB and the quenching temperature, as expected from eqn (8), supporting that the thermal quenching is caused by thermal activation of the Eu 2+ 5d electron to the host lattice conduction band. Unfortunately, the amount of nitridosilicates for which the CT energy of Eu 3+ can be directly calculated from experimental data is very limited. However, we can make an estimation of the CT energy of Eu 3+ for the other nitridosilicates, considering that the CT energy is determined by: (1) the distance of Eu to the neighbouring anions and (2) the nature (i.e. the electronegativity) of the anions involved. The Eu-N distance is determined by the size of the cation M (M = Li, Ca, Sr, Ba, La) for which Eu is substituted and can therefore be approximated by the average distance (R M-N ) of the metal M towards the coordinating N Fig. 4 Temperature at which 50% of the Eu 2+ 5d-4f emission is quenched (T 50% ) versus the Si/N ratio of the Eu 2+ doped nitridosilicates.
The dashed green lines is a linear fit through the data points to indicate the trend. anions, which can be obtained from crystallographic data (Table 4) . Since all neighbouring anions are N 3À anions, their electronegativity will only vary because of differences in the N by Si coordination number. As explained in our previous work, 25 the N by Si coordination number is directly proportional to the Si/N ratio (k). Therefore, in order to estimate the Eu 3+ CT energy of other nitridosilicates, we need to know how the CT energy depends on the average M-N distance and how it depends on the Si/N ratio. Since Ca 2 Si 5 N 8 and Sr 2 Si 5 N 8 have the same Si/N ratio, the CT energy should mainly depend on the average M-N distance. Using their CT energy (Table 3) and average R M-N (Table 4) , the following relation is obtained:
Note that a decrease of the CT energy with increasing cation size is consistent with expectations. 84, 85 From eqn (9) 
Note that we would also expect an increase of the CT energy with increasing Si/N ratio based on our previous work. 26 With increasing Si/N ratio the N by Si coordination number increases, which results in more N electrons that participate in the bonding with Si. Consequently, less N electrons are available for M-N bonding and thus also for N to Eu charge transfer, increasing the CT energy. By combining eqn (9) and (10) the following relation is obtained for the Eu 3+ CT energy in the nitridosilicates:
As a test, we can use this equation to predict the CT energy in LaSi 3 N 5 , giving 2.6 eV. This value is quite close to the actual CT energy given in Table 3 : 2.67 eV. So, eqn (11) can now be used to estimate E CT for the other nitridosilicates, and subsequently eqn (4) can be used to determine the energy difference between the lowest Eu 2+ 5d state and the bottom of the conduction band of the nitridosilicate host lattice (DE 5d-CB ). The results are presented in Table 4 . In Fig. 6 emission, 26 and a smaller than expected bandgap than one would expect based on its Si/N ratio. 25 The low energy of the host lattice transition in SrSi 6 N 8 has been attributed to the Si-Si bond, which forms an empty s* state below the bottom of the , which is the only structure in which direct Si-Si bonds are present, is the only compound that strongly deviates from the trend. Note that the increase of DE 5d-CB with increasing Si/N ratio is in agreement with the earlier observations that T 50% tends to increase with Si/N ratio (Fig. 4) and that T 50% also increases with increasing DE 5d-CB (Fig. 6) .
The increase of DE 5d-CB with increasing degree of condensation is in line with our conclusions in previous work, 25, 26 in which we explained how the degree of condensation, expressed by the Si/N ratio, acts as a principle parameter that influences the structural parameters (such as bond lengths) and bandgap of the nitridosilicate lattices, 25 as well as how the degree of condensation influences 5d energy levels of the Eu 2+ doped nitridosilicate phosphors. 26 This is illustrated in Fig. 8 . With increasing Si/N ratio the N by Si coordination number increases, which results in more N electrons that participate in the bonding with Si and consequently less N electrons that are available for M-N bonding. This reduces the covalency of the M-N bonds, making them longer, while the Si-N bonds become shorter. As a consequence of the lower effective charge of N, the top of the valence band, which mainly consists of N orbitals, tends to move downward with increasing Si/N ratio, increasing the CT energy, while the bottom of the conduction band moves upward due to the decrease of the Si-N bond lengths, resulting in an overall widening of the bandgap. The lower covalency of the Eu-N bonds with increasing Fig. 6 Temperature at which 50% of the Eu 2+ 5d-4f emission is quenched (T 50% ), versus the energy difference (DE 5d-CB ) between the bottom of the host lattice conduction band and the lowest Eu 2+ 5d state.
The straight green line is a linear fit through the red data points. The blue squared data points represent exceptions discussed in the text. Si/N ratio also weakens the nephelauxetic effect, reducing the centroid shift of the Eu 2+ 5d levels, while the crystal field splitting of the 5d levels also becomes smaller because the Eu-N bonds become longer and the effective negative charge on N lower. The weakening of both the nephelauxetic and crystal field splitting effects result in an increase of the lowest Eu 2+ 4f-5d absorption energy, while the Stokes shift becomes larger as the local rigidity of the Eu 2+ sites decreases due to the longer Eu-N bonds. The consequence is that the energy difference between the relaxed 5d state and the bottom of the conduction band (DE 5d-CB ) will become larger with increasing Si/N ratio due to raise of the bottom of the conduction band and the increase of the Stokes shift, but that at the same time DE 5d-CB will be a bit reduced due to the decrease of the 5d redshift (which includes the nephelauxetic effect and crystal field splitting). Based on Fig. 7 , that shows an increase of DE 5d-CB with increasing Si/N ratio, we can now conclude that the raise of the conduction band and increase of the Stokes shift with increasing Si/N ratio is more than compensating the reduction of the redshift. Note that we can draw this conclusion also in another way: the bandgap increases with about 4.1 eV/k, 25 the CT increases with about 0.8 eV/k (eqn (11)), and E df increases with about 1.3 eV/k, 26 therefore DE 5d-CB should increase with about 2 eV/k, where k is the Si/N ratio.
One additional issue to consider is that, in the thermal ionization to the conduction band model, the positions of the relaxed 5d level and the bottom of the conduction band are to some extent temperature dependent. With increasing temperature, as a consequence of the expansion of the lattice, a decrease of the bandgap is expected as there will be less overlap between the bonding orbitals in the valence band and the anti-bonding orbitals in the conduction band due to the longer atomic distances (Varshni equation, eqn (5)). In addition, the lowest 5d level is expected to go slightly upward in energy due to a smaller crystal field splitting as a result of the thermal expansion. Both effects are in the same direction and reinforce each other. Therefore, if one assumes that the position of the Eu 2+ 4f ground state remains the same and that the Stokes shift does not increase (which is supported by experimental data), DE 5d-CB is expected to decrease in energy with increasing temperature as the bottom of the conduction band moves downward and the lowest 5d level moves upward. Hence, the thermal quenching will be stronger at higher temperature as DE 5d-CB (i.e. E act ) decreases, compared to what the thermal quenching would be if DE 5d-CB would remain constant. Note that eqn (6) or (7), which assume E act to be constant, cannot describe any temperature dependency of DE 5d-CB , consequently resulting in an error of the fitting parameters when these equations are used.
Conclusions and outlook
Thermal quenching of the Eu 2+ 5d-4f emission in the nitridosilicates have been collected from literature and have been evaluated and analysed with regard to structure and composition of the nitridosilicates. According to the presented relationships, the main cause of thermal quenching of the Eu 2+ 5d-4f emission in the nitridosilicates is the thermal ionization of the Eu 2+ 5d
electron to the host lattice conduction band, as is supported by the increase of quenching temperature (T 50% ) with increasing energy difference between the relaxed 5d state and the bottom of the conduction band (DE 5d-CB ). In addition, DE 5d-CB tends to increase with increasing degree of condensation (Si/N ratio) because the combined effect of the raise of the conduction band and increase of the Stokes shift with increasing degree of condensation is stronger than the decrease of redshift of the 5d levels. The weaker thermal quenching with increasing degree of condensation can thus be understood based on the interpretation described above and cannot be attributed to a more rigid structure, as is often done in literature using the configurational coordinate model. Besides the intrinsic quenching of the emission due to thermal ionization, other effects seem to further reduce the emission intensity with increasing temperature in many nitridosilicates. These effects include quenching at defects by energy transfer, which becomes stronger at higher Eu 2+ concentrations, and the quenching of anomalous emission. It was found that for many compounds, even though the thermal quenching of the Eu 2+ emission could be well fitted with an Arrhenius type of equation (eqn (6) or (7)), the obtained value of C, representing the ratio of the attempt rate for thermal quenching over the radiative decay rate of the 5d-4f emission, is unrealistically low. This raises the question whether one can trust the obtained value for the activation energy. In literature however, this low value of C is usually neither discussed nor reported. Future research should therefore focus on obtaining a better understanding of the cause of the low value of C and whether the Arrhenius type of equation is actually a good description of the full thermal quenching behaviour in these compounds. Although this work was focussed on the quenching of the Eu 2+ 5d-4f emission in the nitridosilicates, it is believed that the conclusions are more general and would also apply for the thermal quenching of the 5d-4f emission of other lanthanides such as Ce 3+ or Yb 2+ . In addition, other host lattices that consist of cross-linked TX 4 tetrahedra (T = cation, X = anion) with M cations in between, such as oxo-silicates, phosphates and aluminates, are expected to show similar relationships.
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